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Abstract 
In the last decades a strong increase of use in Carbon Fibre Reinforced Polymers (CFRPs) in the production of structures and components occurred. In 
particular in the automotive and aeronautical sectors several manufacturers already replaced light alloy or high strength steel parts with composites but 
the use of composite materials is rapidly growing also in other industrial sectors. Composites offer great advantages not only in term of specific 
proprieties but also in term of “functionalization” of the products by means of the lay-up sequence optimization and consequently providing 
heterogeneous improved proprieties in the different three-dimensional directions. CFRPs with epoxy resin matrix, among the polymer composites, offer 
the highest mechanical proprieties in particular when combined with autoclave technology that represents the top standard. On the other side the 
production of composite materials parts, and particularly the autoclave processing, is still very far respect to conventional metal forming processes in 
term of production rates. For this reason a considerable effort is oriented towards research and development of the so called “out of autoclave” 
processing where a trade-off between mechanical proprieties and production rates are investigated. A real optimization of the whole process requires 
robust and efficient technologies also during those phases able to guarantee high production rates. 
Laser processing represents a typical technology able to guarantee high flexibility joined with high automation and high production rate not only for 
small but also for large series manufacturing. For all these reasons, a solid state continuous wave Laser has been used for machining thin sheets made 
by woven carbon fibre/epoxy resin Pre-preg of 160 g/mm2 (HR 3K 200 TEX carbon fibre with a 50% fibres in the warp and 50% in the weft directions). 
The aim was to investigate the interaction mechanism for removing the resin without damaging the fibres. Preliminary results in terms of process 
feasibility area were presented and discussed. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of “9th CIRP ICME Conference". 
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1. Introduction 
Carbon Fibre Reinforced Plastics (CFRPs) is a composite 
lightweight material where yarns are weaved in a cross-ply 
substrate and a polymer is infused during the manufacturing 
phase or more easily the polymeric component may be 
previously added, partially cured, in order to achieve a pre-
impregnated composite fibres (Pre-preg). Due to light weigh 
combined with high performances and cost of the final 
product, CFRPs are mainly used in the aeronautical sector and 
in the case of the automotive industry for high quality niche 
markets. The use in various industrial sectors is quickly 
increasing together with a decrease in manufacturing cost thus 
the composite parts are designed and widely employed in 
substitution of traditional material. 
Laser machining of CFRPs has large interest because of being 
a contactless process; in fact conventional machining presents 
a rapid tool wear due to the abrasive action of the carbon 
fibres, refrigerant fluid may cause damage for absorption and 
mechanical stresses due to rise of local temperature can lead 
to crack formation in the matrix or delamination. Laser 
material interaction poses, anyhow, a difficult task concerning 
the complex response to heat absorption and transmission due 
to the intrinsic anisotropic and heterogeneity of composites. 
Fibres and matrix own typically very mismatched 
characteristics: the polymers having remarkably lower 
melting temperature and conductivity than the carbon yarns. 
Laser cutting is surely one of the most attractive technologies 
that can be applied to these materials: many different types of 
beam sources have been tested by attempting to optimise cut 
quality and heat affected zone (HAZ) extension because of the 
above-mentioned heterogeneity. Q-Switched Yb:YAG fibre 
laser source has been investigated in a multi-passes scan 
technique [1] and also in a laser milling operation [2]. In the 
former case thin CFRP laminates have been successfully cut 
and consecutive scans produced a positive effect in terms of 
kerf quality; in the latter case the complex mechanism of 
material removal and HAZ formation, mainly thermally 
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based, was identified. In [3] a lamps pumped pulsed Nd:YAG 
laser has been considered and the high peak power released in 
short time rapidly led to evaporation thus reducing the 
absorbed heat by the matrix and then the HAZ extension. 
With a nano-second pulsed diode pumped solid state laser the 
optimum results have been achieved with the adoption of a 
low pulse energy at the intermediate level of pulse frequency 
and medium to high scanning speeds together with 
introducing a certain low percentage of oxygen into the inert 
assistant gas for accelerating the decomposition and 
vaporization of the polymer by oxidative thermolysis [4]. 
A different physical phenomenon can be exploited for laser 
material interaction with CFRP if a UV laser source is 
adopted because of the removal mechanism is now 
characterized mainly by the photochemical effect instead of 
the thermal one [5] [6]. By using short pulsed, in the case of a 
diode pumped solid state UV laser, HAZ may be optimised 
and minimised. In [7] [8] the ablative mechanism is discussed 
for a polyamide resin and various composites, respectively. 
The aim of present paper is to verify the laser material 
interaction with CFRP laminates by taking into account the 
most relevant process parameters and to investigate a possible 
removal of the polymeric matrix without damaging the 
reinforcement. 
A process can be implemented aiming at realizing a precise 
and local removal of the polymeric matrix for repairing 
purpose: the laser beam machining can be used for removing 
damaged slice of material and then a cavity refilling with 
repair plies can be achieved. 
In [9] a similar activity for cleaning operation of a Polyether-
etherketone (PEEK) CFRPs by means of a UV laser source 
has been examined. 
In [10] a crosslinked epoxide resin is removed for cleaning 
purpose from the external surface of resin transfer moulding 
tool substrates by means of both a CO2 and a Nd:YAG. 
 
2. Experimental approach 
In present paragraph the adopted procedure for the 
experimental activity through the scheduled plan of trials and 
measurements will be described. 
 
2.1. Materials and samples 
The investigated material was a 2.2 mm thick CFRP plate 
obtained in autoclave by a vacuum bag. The lay-up was 16 
plies woven carbon fibre/epoxy resin Pre-preg of 160 g/mm2 
each one. The reinforcing material was a HR 3K 200 TEX 
carbon fibre, with a 50% fibres in the warp and 50% in the 
weft directions. The matrix was obtained by using a IMP 
505L epoxy resin. 
Six samples with the same dimensions have been prepared by 
abrasive cutting from the original 150x100 mmxmm plates. 
 
2.2. Laser equipment and experimental setup 
A multimode continuous wave Nd:YAG Laser (Trumpf, 
model HL 1003 D) working at 1064 nm with a maximum 
nominal power equal to 1 kW, was used to irradiate the 
material. The beam was delivered through a 300 microns 
diameter fibre, collimated and focused; samples have been 
placed on the XY working table of a three axes CNC cell 
produced by RTM S.p.A that is controlled in position and 
velocity with a maximum travel speed equal to 10 m/min. 
The experimental tests were conducted using a multi-passes 
technique at a fixed scanning speed equal to 25 mm/s. Air was 
delivered towards the working area by an inlet (5 mm in 
diameter with 8 bar as intake pressure). 
 
 
 
 
Fig.1 – Laser machining procedure (top) and two samples after laser beam 
machining (bottom). 
 
In Fig. 1 (top) is showed the layout of the sample and the 
laser: the beam was alternatively switched on and off 
depending on the direction into the working track. 
Four different Laser power levels have been investigated by 
varying the number of passes. The beam was defocused: tree 
different beam diameters have been considered in order to 
irradiate the samples with a varying power density level. 
In Fig. 1 (bottom) laser beam machined samples are shown. 
In Tab. 1 are reported the process parameters as scheduled in 
the experimental plan: the delivered powers (Pa), the spot 
diameters (dspot), and the number of passes (N) are reported. 
 
Table 1. Planned experimental activity: controlled process parameters. 
Characteristics Symbol Values Units 
Average Power Pa 100, 200, 300, 400 (W) 
Spot diameter dspot 4, 9.5, 13.5 (mm) 
Number of passes N 1, 5, 10, 20, 40 (adim.) 
 
 
2.3. Process output and measurements 
The experimental procedure was based in a multi-passes 
procedure: the laser focusing head was moved, always hitting 
the same line, forward and backward. The laser is switched on 
when moving forward thus the beam energy is absorbed by 
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the work piece. The laser is switched off during the backward 
track thus reducing the thermal load on the working area due 
to the high conductivity of the fibres and consequently 
reducing their expected damage. 
During the movement in the forward direction the sample is 
heated and the polymeric matrix interacts for first with the 
beam. Evaporation and ablation occurs until when the fibres 
are exposed to the laser beam action. 
The number of passes, as reported in Tab. 1, represents the 
total passes during which the laser beam is switched on. 
 
 
Fig.2 – Measurements on the laser beam machining area: width and depth in 
a transversal section of the sample. 
 
In order to quantify the evaporation/ablation effect, depths 
and widths of the laser beam irradiated area were measured by 
means of optical microscopy analysis. Samples have been 
prepared for the observation by polishing a transversal 
section. Not less than five different positions have been 
considered for measurements for each test condition thus 
verifying process repeatability. 
 
2.4. Complex process parameters for laser beam 
machining 
The experimental measurements have been investigated as a 
function of complex process parameters such as: the “Total 
Energy Density” (ETD), the “Total Interaction Time” (ti) and 
the “Power Density” (DP). 
The Total Energy Density [J/mm2] can be written as follows: 
 
ETD = Dp * ti   (1) 
 
It can be explained as the sum of the delivered energies 
towards the work piece. The Total Interaction Time [s] is 
then: 
 
ti = N * ( dspot / V )  (2) 
 
Where N is the dimensionless number of passes, dspot is the 
diameter of the beam spot and V [mm/s] is the process speed. 
The Power Density [W/mm2] is defined by: 
 
Dp = Pa / Aspot   (3) 
 
Where Pa is the delivered laser bema power [W] and Aspot 
[mm2] is the spot area. 
 
3. Results and discussion 
Carbon Fibre Reinforced Plastic laminates showed an 
interaction with the laser beam that can be summarized in the 
following figures. Fig. 3 collects the measured width as a 
function of the total energy density. Fig. 4 shows the depth of 
the working area versus the same entity. 
Concerning the width it is worth noting that the measured 
value is directly dependent on the beam diameter while the 
power density and also the number of passes are not relevant. 
The number of passes has a limited influence for a low 
number of repetitions but, after almost ten passes, the width is 
no more increasing. The final measure is larger that the beam 
diameter due to fibre energy absorption and heat conduction 
that cause the decomposition or evaporation of the epoxy 
resin also if not directly hit by the laser beam. Anyway this 
phenomenon is quickly saturated due to the fact that the 
backward track without energy delivery allows temperature 
stabilisation. This phenomenon is evident due to the fact that 
the relationship between width and total energy density 
exhibits a similar trend that is independent from the diameter 
of the laser beam spot. 
 
 
Fig.3 – Width versus Total Energy Density. 
 
 
Fig.4 – Depth versus Total Energy Density. 
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The depth, as expected, showed a more complex behaviour 
and a dependency on delivered laser power and total energy 
density. The measured depth became larger with the increase 
in laser beam power and by increasing the total energy density 
can be possible to achieve a higher removal rate. Power 
density is instead not significant. 
 
3.1. Levels of damage and cleaning area without 
damage 
All the samples have been examined in order to verify if 
fibres have been damaged during the laser beam machining. 
Six different levels of damage have been classified by means 
of a comparison amongst the samples through a qualitative 
approach. Fig. 5 collects the images that are representative for 
each situation. Each sample has been observed in similar 
optical condition (light, magnification, etc. etc.) and classified 
depending on the observed level of damage of the fibres. 
 
 
Fig.5 – Six levels of damage: a qualitative index. 
 
Level “0” and “1” were then considered as a high quality 
(HQ) laser cleaning operation because of lacking of fibre 
damage or lower number of ruptures.  Level “2” and “3” were 
classified as average quality (AQ) due to the fact that a 
damage is present also if the observed number of ruptures are 
still low but not negligible. Level “4” and “5” shows a strong 
and diffuse damage of the yarns and then were considered 
equivalent to a low quality (LQ) level of the cleaning action 
because the following repair phase can be unsuccessful. 
 
3.2. Feasibility area for cleaning operation 
Basing on this qualitative three-level taxonomy, as defined 
above, the experimental data has been rearranged in order to 
define a feasibility area for the cleaning operation. Fig. 6 
summarizes the experimental results in terms of power 
density and total interaction time. The dotted line put in 
evidence the border line for the good quality: the cleaning 
operation is possible with a high quality or at least an 
acceptable quality only in a small area characterized by a low 
level of the power density. The decrease of the power density 
can be balanced with an increase of the total interaction time. 
Fig. 7 shows a rearrangement of the relationship between the 
measured depths of the laser machined area and the total 
energy density by taking into account the three-quality level 
of the cleaning operation. As before, also in this case, a border 
for a good quality of the cleaning operation can be displayed: 
the final depth is limited by the total energy density and an 
increase in this last parameter leads to a decrease in depth. A 
high average power allows a higher depth for a reduced 
number of passes or a lower level of the total energy density. 
 
 
Fig.6 – Power Density versus Total Interaction Time. 
 
 
Fig.7 – Depth versus Total Energy Density. 
 
4. Conclusion 
A solid-state continuous wave Nd:YAG laser has been used 
for machining thin CFRP laminates composed of woven 
carbon fibre and an epoxy resin. The experimental tests were 
carried out through a multi-passes technique during which the 
laser beam was switched on when moving in the forward 
direction and then switched off during the backward track. 
This scanning mode reduced the thermal load and the 
expected fibre damage, thanking to the high conductivity of 
the carbon fibres. 
Average delivered power, laser beam spot diameter and 
number of passes were tuned in order to investigate the 
relationship among the process parameters and the dimensions 
of the machined area. 
As a preliminary result, it was possible to assess that: 
- The width of the working area is directly dependent on the 
beam diameter; the power density and also the number of 
passes are not relevant. 
- The depth of the machining area became larger with the 
increase in laser beam power; by increasing the total energy 
density was possible to achieve a higher removal rate. The 
effect of the power density was instead not significant. 
Then, the laser beam machined areas were classified 
depending on the level of damage of the fibres. An analysis of 
the experimental data allows the evaluation of the quality of 
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the cleaning action by defining a three-levels taxonomy: high 
quality means absence of damage, average quality 
corresponds to a lower level of damage and, at the end, a low 
quality means a large damage of the reinforcement.  Thus, a 
feasibility area has been identified for a machining operation 
that allows the removal of the polymeric matrix: the cleaning 
operation was then possible with a high quality or at least an 
acceptable quality only in a small area which was obtained for 
low levels of the power density. A reduced power density can 
be balanced with an increase of the total interaction time. 
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